Controlling plasmonic systems with nanometer resolution in transparent films and their colors over large nonplanar areas is a key issue for spreading their use in various industrial fields. Using light to direct selforganization mechanisms provides high-speed and flexible processes to meet this challenge. Here, we describe a route for the laser-induced self-organization of metallic nanostructures in 3D. Going beyond the production of planar nanopatterns, we demonstrate that ultrafast laser-induced excitation combined with nonlinear feedback mechanisms in a nanocomposite thin film can lead to 3D self-organized nanostructured films. The process, which can be extended to complex layered composite systems, produces highly uniform large-area nanopatterns. We show that 3D self-organization originates from the simultaneous excitation of independent optical modes at different depths in the film and is activated by the plasmon-induced charge separation and thermally induced NP growth mechanisms. This laser color marking technique enables multiplexed optical image encoding and the generated nanostructured Ag NPs:TiO 2 films offer great promise for applications in solar energy harvesting, photocatalysis, or photochromic devices. C ontrolling metallic nanostructures over large nonplanar areas with high flexibility and speed is of strategic importance for developing industrial applications of plasmonic systems. 1,2 Electron-beam lithography has been used recently to demonstrate innovative applications of plasmonic colors for active color displays, data storage or polarization microscopy, 3−5 but this technique is prohibitive in terms of time and cost. Other techniques, such as optical interference lithography, nanoimprint, 6 or directed-assembly, 7−9 are more appropriate for producing large-scale nanostructured materials, but they lack versatility. In contrast, laser-based techniques combine all the benefits sought for industrial developments and offer two alternative strategies. The first one is based on controlling the shape anisotropy of NPs and exploits the high peak intensity of femtosecond (fs) laser pulses or the thermal component of nanosecond (ns) pulses to change the NP shape. 3,4,10−14 The second approach, even more promising, is based on self-organization processes and controls simultaneously the intrinsic plasmonic response of individual NPs and their near-and far-field coupling effects. Using this approach, a few papers have reported ultrafast laser-induced melting and merging of metallic NPs at surfaces to form regular gratings with 15 or without 16,17 DC electric field assistance. Addressing the challenge to modify NPs inside a dielectric matrix, Loeschner and co-workers have reported the generation of gold NP gratings embedded in polymer films using fs laser pulses, 18 while our group triggered the self-organized growth of silver NPs in high-index TiO 2 films with continuous wave (cw) laser light. 19 
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ABSTRACT: Controlling plasmonic systems with nanometer resolution in transparent films and their colors over large nonplanar areas is a key issue for spreading their use in various industrial fields. Using light to direct selforganization mechanisms provides high-speed and flexible processes to meet this challenge. Here, we describe a route for the laser-induced self-organization of metallic nanostructures in 3D. Going beyond the production of planar nanopatterns, we demonstrate that ultrafast laser-induced excitation combined with nonlinear feedback mechanisms in a nanocomposite thin film can lead to 3D self-organized nanostructured films. The process, which can be extended to complex layered composite systems, produces highly uniform large-area nanopatterns. We show that 3D self-organization originates from the simultaneous excitation of independent optical modes at different depths in the film and is activated by the plasmon-induced charge separation and thermally induced NP growth mechanisms. This laser color marking technique enables multiplexed optical image encoding and the generated nanostructured Ag NPs:TiO 2 films offer great promise for applications in solar energy harvesting, photocatalysis, or photochromic devices. KEYWORDS: ultrafast photonics, laser-induced self-organization, nanostructured thin film, plasmonic nanomaterials, plasmonic colors C ontrolling metallic nanostructures over large nonplanar areas with high flexibility and speed is of strategic importance for developing industrial applications of plasmonic systems. 1, 2 Electron-beam lithography has been used recently to demonstrate innovative applications of plasmonic colors for active color displays, data storage or polarization microscopy, 3−5 but this technique is prohibitive in terms of time and cost. Other techniques, such as optical interference lithography, nanoimprint, 6 or directed-assembly, 7−9 are more appropriate for producing large-scale nanostructured materials, but they lack versatility. In contrast, laser-based techniques combine all the benefits sought for industrial developments and offer two alternative strategies. The first one is based on controlling the shape anisotropy of NPs and exploits the high peak intensity of femtosecond (fs) laser pulses or the thermal component of nanosecond (ns) pulses to change the NP shape. 3,4,10−14 The second approach, even more promising, is based on self-organization processes and controls simultaneously the intrinsic plasmonic response of individual NPs and their near-and far-field coupling effects. Using this approach, a few papers have reported ultrafast laser-induced melting and merging of metallic NPs at surfaces to form regular gratings with 15 or without 16, 17 DC electric field assistance. Addressing the challenge to modify NPs inside a dielectric matrix, Loeschner and co-workers have reported the generation of gold NP gratings embedded in polymer films using fs laser pulses, 18 while our group triggered the self-organized growth of silver NPs in high-index TiO 2 films with continuous wave (cw) laser light. 19 A common feature of all these self-organized metallic nanostructures is that their period results from the interference of the incident laser wave with optical modes excited in the structures. Interestingly, the dependence of the grating orientation on the laser polarization is not universal, but is found to be either parallel 18, 19 or perpendicular. 15, 17 This fact implies the presence of different types of optical modes as the origin of the interference pattern, depending on the system. Quasi-guided modes 19 and surface waves 17 have been identified to be involved in such self-organization mechanisms. However, all NP gratings reported so far have been produced in single planes, buried below or lying at the material surface, as a result of interferences between the incident wave and a single optical mode. This applies both to NP gratings and planar NP grid structures. 17, 18, 20 Here, we show that 3D self-organization can be activated and controlled in nanocomposite films by fs laser irradiation, resulting in plasmonic nanostructured films with highly regular periodic lattices located at different depths. The article demonstrates that this 3D self-organization mechanism finds its origin in the simultaneous excitation of two orthogonal optical modes. It also explains how plasmon-induced charge transfers and thermally induced growth mechanisms that follow absorption of the incident photons by Ag NPs trigger the processes. Emphasizing the fact that the nanopattern size can be extended indefinitely with high-speed scanning, we finally demonstrate the high potential of this nanostructuring strategy for color marking and multiplexed optical image encoding.
RESULTS AND DISCUSSION
The system under study is composed ( Figure 1a ) of a glass substrate covered with a mesoporous layer of amorphous TiO 2 loaded with silver salt and small silver NPs (see Methods Section). 19, 21 Self-organized 3D nanostructures can be generated in a certain range of laser fluence and scan speed (see Methods Section) using a high repetition rate fs laser (500 kHz) exciting the localized surface plasmon resonance (LSPR) of Ag NPs. A localized surface plasmon is the result of the confinement of a surface plasmon in a nanoparticle that is smaller than the light wavelength used to excite the plasmon. As shown hereafter, their post-mortem characterization informs clearly about the nature of the optical phenomena at their origin. However, the article intends to demonstrate the fundamental role of temperature in triggering 3D selforganization rather than 2D and, for this, compare 2D and 3D nanostructures, obtained by changing only the scanning speed.
Scanning electron microscopy (SEM) images of these selforganized nanostructures are shown in Figure 1b ,c. Both samples were irradiated at 515 nm wavelength with a weakly focused beam (33 μm spot diameter at 1/e 2 ) scanning the sample surface at two different speeds of 100 mm·s −1 or 10 mm·s −1 , which give rise to structures named HS (for high speed) and LS (for low speed), respectively. Both of them exhibit highly regular self-organized patterns that were extended over areas of several cm 2 . Although the first observation of laser-induced self-organized nanostructures also known as LIPSS (laser-induced periodic surface structures) dates back to 1965, 22 such a high uniformity and long-range order on planar structures was highlighted only a few years ago, paving the way for real-world applications. 23 The high uniformity was achieved here by optimizing scan parameters (see Methods Section).
2D Self-Organized Nanocomposite Film. Structure HS ( Figure 1b ) exhibits a periodic line pattern perpendicular to the incident laser polarization with a period of 490 nm ±5 nm. A high-magnification and in-depth inspection of this structure by high angle annular dark field (HAADF) scanning transmission electron microscopy (STEM) reveals the presence of LIPSS with height amplitude of around 40 nm and Ag NPs up to 20 nm in diameter periodically distributed in the crescent-shape region below the grooves (see Figure 2 and Supporting Information). The 4D STEM analysis (see Methods Section) of Figure 2d also shows that the film is denser in this region due to the collapse of the initial mesostructure (see also Supporting Information) and a partial crystallization of TiO 2 in the close vicinity of the grown Ag NPs.
3D Self-Organized Nanocomposite Film. Structure LS ( Figure 1c ) features two superimposed orthogonal line patterns whose periods are 310 nm ±5 nm (for lines parallel to the laser polarization) and 500 nm ±5 nm (in the perpendicular direction). These two self-organized patterns are located at two different depths in the sample. AFM shows a single periodic corrugation of the sample topography ( Figure 3a ) whose lines are perpendicular to the laser polarization. Instead, lines parallel to the laser polarization are only revealed by HAADF STEM characterizations and correspond to buried Ag NPs ( Figure  3b ,c; see also Supporting Information). Unlike in structure HS, in the LS structure Ag NPs align parallel to the laser polarization, independently from the LIPSS, to form a grating whose period is ∼310 nm and which is now located very close to the film−substrate interface ( Figure 3c ). Ag NPs grow, with an oblate shape, up to larger sizes with a broad size distribution typically from 20 to 100 nm (Supporting Information), to arrange in lines about 195 nm wide. All silver has diffused toward the substrate, in strong contrast to the HS structure, and the film is now denser.
Optical Mechanisms Involved in the Formation of the NP Gratings. The main difference between structures HS and LS is that Ag NPs grow in the grooves of LIPSS in HS whereas they form a different self-organized pattern, buried in the film and independent from LIPSS, in LS. The second case nicely demonstrates that two independent propagating modes can be excited simultaneously in orthogonal directions at different depths in the nanocomposite film, as sketched in Figure 1a . They correspond to a surface mode and a guided mode, respectively. Individually, either of them has already been shown to be capable of triggering self-organized patterns in any of the two directions, 15,17−19 with periods (with respect to the laser wavelength) similar to the ones reported here, but never simultaneously in the same system before, leading only to 2D self-organized patterns. These modes are excited through scattering at heterogeneities and are initially no more than a perturbation signal generated by randomly distributed scatterers, preventing phase matching conditions and an efficient coupling of light in the guiding film. However, each of these modes interferes with the incident wave and gives rise to a modulated intensity in the plane where it propagates. The optical interference pattern triggers the grating formation. The grating then creates a positive feedback loop by enhancing the coupling of the incident wave to the mode, i.e., increasing the contrast of the interference pattern and finally promoting the grating formation itself. 19, 23 Whatever the nature of the mode, and provided that the incident wave is under normal incidence, the period Λ of the interference pattern that is also the grating Re( ) , where λ is the laser wavelength and Re(η) the real part of the effective refractive index of the considered mode, which can be a surface or guided mode. 24 Let us first consider the surface mode, which has often been identified as a surface plasmon polariton no matter if the surface is metal, semiconductor, or dielectric due to the transient metal-like state that can be achieved by the high peak intensity of ultrashort laser pulses, creating a high density of free electrons. 25−29 However, in the present case we deal with a composite film in which only small Ag NPs are directly excited at resonance. It is therefore useful to emphasize the fact that the effective dielectric constant of the film top surface is tuned toward that of a metal during the pulse duration thanks to the high density of Ag NPs and their ability to transfer charges to the conduction band of the TiO 2 matrix (see the next subsection). The transverse magnetic nature of the surface plasmon can then explain that LIPSS form perpendicular to the incident laser polarization. In this case η can be expressed as the effective index of the surface plasmon mode, which is close to 1 for metals, 28 and fully consistent with the period of LIPSS observed in structure HS.
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Let us now consider the guided mode, which leads to the formation of the buried NP grating of structure LS. Importantly, its period with respect to the laser wavelength and its orientation with respect to the laser polarization is comparable to the one we had previously reported when creating self-organized NP gratings with cw lasers buried in the same mesoporous TiO 2 films. 19 The presence of a guided mode was then demonstrated through spectral measurements that are less obvious to interpret in the present case due to the presence of two stacked perpendicular nanopatterns (see subsection Origin of Dichroic Colors for spectral characterizations). We can, however, propose the same origin for the generation of the LS grating structure. Light initially scattered by heterogeneities embedded inside the film (that are mainly the growing Ag NPs due to their high dielectric contrast in the matrix) is minimal along the direction of the incident electric field vector and maximal in the direction perpendicular, especially if we consider a dipolar approximation that works well for scatterers much smaller than the laser wavelength. The scattered field is therefore mainly coupled into the guided mode propagating perpendicular to the laser polarization. This leads to an interference pattern of propagated light with directly incident light, with lines of higher intensity that are parallel to the laser polarization. The positive feedback created by the growing grating only works for light that is efficiently coupled into the guided mode in the direction perpendicular to the grating lines. This leads to the generation of a buried NP grating whose lines are parallel to the laser polarization.
While optical phenomena are crucial to understand the origin of self-organization as demonstrated above, other mechanisms need to be considered to explain the growth of the NPs and the transient change in the matrix refractive index. Figure 4 shows a simplified scheme of the processes involved, as discussed next.
Short-Time Scale: Charge Transfer from Ag NPs to the TiO 2 Conduction Band and NP Heating. The absorption of the incident light by the NPs generates a high density of excited electrons through the LSPR. During a very short time scale, electron−electron scattering gives rise to hot electrons that are not in thermodynamic equilibrium with the Ag lattice before typically few hundreds of fs. These nonequilibrium electrons penetrate into the material with ballistic velocities of the order of 10 6 m/s, 30 and their energy range is estimated between 1 and 4 eV for Ag NPs. 31 Those electrons whose kinetic energy overcomes the Schottky barrier that forms at the metal nanoparticles/TiO 2 interface and that can be as low as 1 eV in such systems, can be injected into the TiO 2 , as shown in Figure 4a . 32, 33 This plasmon-induced charge transfer has already been measured to occur in less than 240 fs. 34 Added to the possible near-field mediated multiphoton excitation of TiO 2 (see "laser-induced temperature rise" in Supporting Information), the strong increase of the free electron density in TiO 2 (Figure 4a ,b) triggers the transient metallic behavior of the film required for the excitation of surface plasmon polaritons at the film−air interface, as described in the previous section.
The massive electron transfer through the Schottky barrier leaves behind positively charged Ag NPs, leading to strong electrostatic repulsion forces between ions. This can cause the breakup of atomic bonds and the ejection of charged Ag + atoms over a time scale of the order of 1 ps, according to a process that is reported as Coulomb explosion in papers dealing with ultrashort laser pulse induced processes (Figure 4b ). 35 The Ag + ejection mechanism has also been observed in TiO 2 films even upon low intensity cw visible laser exposure (due to the low Schottky barrier) and led to the anisotropic reshaping or the disappearance of Ag NPs. 36, 37 It has to be emphasized that this process is leading to NP shrinking and thus opposed to the temperature-induced growth described hereafter. Although Ag + ion ejection certainly occurs in the present experiments, it seems to be compensated and overtaken by the growth mechanisms since only larger isotropic NPs are finally observed.
The nonequilibrium electrons that did not cross the Schottky barrier relax via electron phonon-coupling over a time scale of typically 10−50 ps for noble metals and transfer their energy to the NP lattice. 38, 39 The equilibration of electron and lattice temperatures produces a temperature rise of the NPs (Figure  4b) , featuring a peak value that depends on the laser fluence and on the initial temperature of the material.
From 100 ps to 10 ns, typically, heat is transferred to the TiO 2 matrix surrounding the metallic NPs via thermal conduction. 40 The temperature rise of the matrix, sketched by the reddish background in Figure 4b , favors NP growth. In the present case of irradiation at a high repetition rate, the time interval between consecutive laser pulses is only 2 μs, which is too short for the material to cool to room temperature and leads to thermal accumulation. 41 Longer-Time Scale: Physical and Chemical Mechanisms Involved in the NP Growth. The growth of Ag NPs is a diffusion-limited process that requires more time than the duration of the laser pulse. Coalescence, Ostwald ripening of metallic NPs and reduction of silver ions are the main mechanisms that control NP growth and reshaping ( Figure  4b ). 21, 42 They occur only above a temperature threshold and their yield increases nonlinearly with temperature. Therefore, when using fs laser pulses, thermal accumulation needs to be exploited in order to enable the NP growth to large sizes. The conditions leading to the NP growth, however, depend also on other parameters such as absorption, thermal conductivity, heat capacity, melting temperature of the material, and the wavelength, fluence, scanning speed (or number of pulses), and pulse length of the laser. Each of the irradiation parameters has therefore to be adapted to the desired nanocomposite film.
Among the growth mechanisms, reduction of Ag + can also be activated photocatalytically through the generation of electron− hole pairs by TiO 2 when the latter is excited at a higher energy Electron−hole pairs can also be generated in the semiconductor matrix by two-photon absorption, which is only expected to occur in the near-field of Ag NPs. Excited electrons can then reduce Ag + ions present in the mesoporous TiO 2 matrix thanks to a redox potential located just above the TiO 2 conduction band energy. (b) Incident photons are mainly absorbed by Ag NPs whose LSPR relaxes though the generation of hot electrons that can migrate to the conduction band of TiO 2 . The LSPR also creates a strong near-field enhancement along the incident polarization (double arrow), which enables multiphoton absorption by TiO 2 . Charge transfer and charge generation create a high density of charges in the TiO 2 matrix. Ion ejection from Ag NPs can occur followed by NP thermalization, which heats the matrix through thermal diffusion. A high temperature rise in the matrix (red background) enables the growth mechanisms that can lead to large Ag NPs if the time frame is long enough. than its band gap (>3.2 eV) by two-photon absorption (Figure  4a,b) . 43 In the considered irradiation conditions, two-photon absorption by TiO 2 is mainly expected in the close vicinity of Ag NPs where local electric field is greatly enhanced by optical near-fields. The electron−hole pair recombination is, however, fast (ps time scale) and this effect cannot lead on its own to the generation of large NPs, which requires diffusion and aggregation of silver atoms on longer time scales.
From 2D to 3D Self-Organization. We can now infer what happens in HS and LS structures whose irradiation conditions differ only by the scan speed, i.e., the number of accumulated pulses per unit area. The nanocomposite film offers two degrees of freedom for self-organization, the TiO 2 matrix whose local density changes affect the surface topography and create LIPSS, and the Ag NPs that can form patterns inside the film. Structure HS (lower number of accumulated pulses) shows that TiO 2 phase changes resulting in LIPSS at the top surface occur before Ag NPs have significantly grown (<20 nm). According to the mechanisms described above, each laser pulse is expected to tune, for a very short time, the dielectric function of the film to a metal-like state via electron excitation, thus enabling the propagation of a surface plasmon mode that modulates the energy deposition through interference while concentrating the field intensity near the top surface (top interference pattern in Figure 1a ). After a few tens of ps the metal-like behavior vanishes but a temperature increase occurs. The optical interference pattern turns into a temperature pattern that causes accordingly the partial collapse of the TiO 2 matrix. NP growth is slow and located specifically in the grooves where the temperature is higher. 27 It requires a large number of pulses (see Methods Section) to lead to the growth of the NP grating shown in structure HS. This structure does not exhibit any self-organized pattern in depth that could attest the presence of a guided mode. However, post mortem spectral characterizations (see the last subsection) prove that the film of structure HS can sustain a guided mode. We thus attribute the absence of any buried self-organized pattern in the film depth to a too low temperature achieved inside the film, preventing NP growth except slightly in the close vicinity of the surface grooves.
Increasing the number of pulses, and thus the thermal load, changes the balance of the different processes involved. As shown by Hou et al., 44 an increase in groove depth modifies the phase of the interference pattern and shifts the maxima of light toward the protuberance between two adjacent grooves. This phase-shift stops the positive feedback associated with the plasmon mode and induces the split of LIPSS, as also observed in other works. 45 This is likely what happens in structure LS where AFM profiles reported in Figure S2a show now a double structure with 500 nm period. When exceeding the temperature threshold above which NPs can start growing inside the film, another positive feedback loop is activated between the guided mode and the buried NP grating formation. The associated thermal gradients are responsible for distributing silver into the shape of this buried grating since they promote not only the NP growth but are also a driving force for the NP motion and organization as reported in different experiments. 16, 17, 46 It is worth stressing that the formation of the buried NP grating is not initiated by the LIPSS formation process but by the higher temperature. The surface and guided modes propagate in perpendicular directions and Ag NPs initially grown in the LIPSS grooves cannot efficiently couple light into the guided mode.
Smart Visual Effects. Here, we illustrate how such selforganized nanostructured films can offer a combination of visual effects easy to observe by eye that could lead to innovative security features. Each of the studied samples features periodic nanostructures that can diffract light. Owing to its subwavelength period, the buried NP grating of structure LS does not diffract light under normal incidence. However, one can capture bright diffractive colors under grazing back diffraction as sketched in Figure 5a . Pictures showing green, yellow and pink colors have been taken with a smartphone by changing the incidence angle of a white LED light. Note that diffraction is observed only perpendicular to the embedded NP grating and not perpendicular to the LIPSS grating on structure LS, probably due to the low LIPSS amplitude. Conversely, in Figure 5a . An optical property that is more specific to this kind of nanostructured composite films is their ability to exhibit dichroic colors in specular reflection and transmission. Figure  5b shows several laser-written nanostructures, produced by slightly varying the scanning speed and the laser power around the values used for structures LS and HS to aim at tuning the spectral response. These patterns illustrate the large color gamut provided by such a laser writing technique and show that interesting color matching can be found between different nanostructured areas when observed under specific conditions. As an example of application of such a "polarization sensitive color matching", we show a pattern made of nine squares written with three different laser irradiation conditions that displays two different geometrical forms, either a (yellow) vertical line or a (pinkish) cross, depending on the polarization of the illuminating light. This smart effect may be used as a security feature for visual authentication.
Origin of Dichroic Colors. The polarization sensitivity of colors observed in structures LS and HS is discussed below by analyzing their reflection and transmission spectra. Transmission spectra of structure HS recorded under various incidence angles (Figure 6a,b) are polarization dependent and exhibit two characteristic dips for TE polarization (polarization parallel to the LIPSS grating). The broader one, whose minimum is around 510 nm is mainly due to the plasmon absorption of silver NPs and does not significantly change with the incidence angle from 0°to 8° (Figure 6a ). On the other hand, the smaller dip located at 790 nm, which nearly disappears for TM polarization, splits into two dips at longer and shorter wavelengths when increasing the incidence angle. This split in two dips, whose spectral distance increases with the incidence angle, is characteristic of the excitation of quasiguided modes propagating inside the film in directions perpendicular to the grating lines. 19 Under oblique incidence such modes are coupled in the film by the grating structure in forward and backward direction for wavelengths λ + and λ − , respectively, given by equation:
where η ± is the effective refractive index of the forward or backward mode and θ inc the incidence angle. They are also coupled out (leaky modes) and interfere with the transmitted (or reflected) beam leading to dips in the transmission (or reflection) spectrum. 47 The strong sensitivity of these resonance modes to the polarization (the coupling being inefficient for TM polarization) is one of the causes of the sample dichroism. However, it does not explain the significant broadening and red-shift of the broader resonance at around 500−600 nm observed when rotating the polarization from TE to TM in transmission, reflection or loss spectra (Figure 6c,d) .
The latter indicate that NPs might be elongated along the direction perpendicular to the LIPSS or that a stronger nearfield coupling between adjacent NPs might occur in this direction. Unfortunately, the analysis of the STEM images does not provide clear evidence of the presence of oriented elliptical NPs or a significantly smaller distance between NPs along the direction perpendicular to the LIPSS, which would explain a stronger near-field coupling for TM polarization. Yet, given the high sensitivity of the optical response to NP shape or distribution anisotropy, we suspect that both effects do contribute, in addition to far-field coupling.
The spectra also allow a more detailed characterization of the guided modes and properties of processed films. The refractive index of the initial mesoporous TiO 2 film with no silver has been measured as n film = 1.66 by ellipsometry and on a glass substrate of index n substrate = 1.5, it can sustain guided modes for a film thickness larger than d ≈ 116 nm. The refractive index of the film is expected to increase when adding silver and when densifying the film upon laser treatment, which further enhances mode confinement. If one takes the location of the dips as the resonance wavelength, the effective index of the guided mode in structure HS is given by Re(η) ≈ 1.61. This value is consistent with the effective index of a mode guided in the TiO 2 -based film. It can be compared to the effective index of the guided mode in the LS structure, obtained by relating the fs laser wavelength to the period of the buried NP grating, η = λ/Λ = 515/310 = 1.66. The higher value obtained for the LS structure is consistent with a higher refractive index caused by stronger film densification and larger NPs. It is worth noting that the wavelength resonance is not expected to be exactly at the dip position in such absorbing systems, in which the spectral overlap of the LSPR and the waveguide resonance creates mode hybridization, but in a reasonable approximation.
CONCLUSION
In this article we demonstrate that two independent selforganization processes can be triggered simultaneously in a nanocomposite film upon fs laser irradiation, leading to 3D nanostructuring of a plasmonic system. The TiO 2 matrix surface, which can sustain a surface mode during the fs laser pulse thanks to its transient metallic behavior, undergoes a periodic local densification originating from an interference pattern located near the film top surface. Metallic atoms that diffuse into the film volume can independently aggregate into a self-organized buried NP grating provided that a guided mode can be excited in the film and the temperature rise is high and long enough to promote the NP growth.
This strategy is compatible with high-speed scanning for the fabrication of highly ordered metal-dielectric nanostructured films over large areas in short processing times. The technique can be extended to a nanostructuring concept based on multilayer stacks, specifically designed to sustain guided waves in specific layers and provide self-organization of NPs at predefined depths. Applications of such systems can be found in photovoltaic or photocatalytic devices since greatly enhancing the light interaction with TiO 2 . Moreover, the diffractive and polarization-sensitive properties of these plasmonic Ag:TiO 2 nanostructures are also of great promise for multiplexed optical image encoding and security.
MATERIALS AND METHODS
Material. The samples consist of glass slides coated with a mesoporous thin film of amorphous TiO 2 impregnated with silver salt. The mesoporous titania film is elaborated by a sol−gel process. The sol contains titanium tetraisopropoxide (TTIP, Aldrich; 97%), acetylacetone (AcAc, Aldrich; 99%), hydrochloric acid (HCl, Roth; 37%), ethanol (EtOH, Carlo Erba; absolute), Pluronic P123 ((PEO) 20 (PPO) 70 (PEO) 20 , Aldrich; MW: 5000), and deionized water (H 2 O) with the following molar ratios: TTIP/P123/ethanol/ HCl/H 2 O/AcAc = 1:0.025:28.5:0.015:29.97:0.5. Pluronic P123 is a symmetric triblock copolymer constituted of poly(ethylene oxide) (PEO) and poly(propylene oxide) (PPO). Films are dip-coated and calcined at 340°C to form mesoporous titania films. The pore size of the films ranges from 5 to 20 nm and their thickness is estimated to 230 ± 50 nm. Silver ions are introduced within the mesopority by soaking the films in an aqueous ammoniacal silver nitrate solution (0.75 M) for 30 min. After rinsing and drying, they are exposed to UV light (400 μW.cm −2 at a wavelength of 254 nm) for 30 min. This initiates the growth of a high density of small Ag NPs with typically two size distributions, as characterized in ref 41 centered at 3 nm for nanoparticles located in the 100 nm upper part of the film and at 1.5 nm for nanoparticles located in the rest of the film.
Laser Irradiation. The laser system used for irradiation was a fiberbased femtosecond laser-amplifier (Tangerine, Amplitude Systems), which delivers laser pulses with a pulse duration of Δt ≈ 370 fs at a fundamental wavelength of 1030 nm and a constant repetition rate of f rep = 500 kHz. In order to excite the LSPR of the Ag NPs the laser wavelength was frequency-doubled to 515 nm by means of a BBO crystal. The pulse energy was adjusted by means of a lambda-half (λ/ 2) wave-plate combined with a double thin film polarizer. A second λ/ 2 wave-plate was used to control the polarization state of the pulse incident on the sample, which is a critical parameter in defining the orientation of the nanogratings produced. The Gaussian laser beam passed a galvanometric mirror scanning system combined with an Ftheta lens ( f = 100 mm) for scanning the focused beam over the sample surface along lines in the direction perpendicular to the laser polarization. The focused spot diameter at the sample plane was d = 33 μm (1/e 2 intensity). Experiments were performed at a variety of scan speeds within the range 1 m·s −1 −1 mm·s −1 and laser fluences from 29 to 62 mJ.cm −2 . The scan speeds referring to samples HS and LS, which are given in the article, can actually lie in the ranges v HS ∈ [50−120] mm·s −1 and v LS ∈ [5−40] mm·s −1 for laser fluence within the range 46−54 mJ·cm −2 . The laser fluence used for images reported in the article is 50 mJ·cm −2 . Using the relation N eff, = d × f rep /v, the effective pulse number (1/e 2 intensity criterion) per line scan was N eff,HS = 165 and N eff,LS = 1650, respectively. The TiO 2 surface was scanned in 2D by using a high spatial overlap (94%) between adjacent laser lines. This optimized scan parameters provided high uniformity as recently reported for the production of LIPSS on homogeneous materials. 48 Microscopy. FIB thin lamellae were made using a focused ion beam/scanning electron microscope (FIB/SEM) FEI Helios 600i. The film was protected by carbon layers of increasing density deposited by evaporation, electron beam, and ion beam to prevent charging effect and ion damage of the film. FIB/SEM process was chosen to extract a lamella from the exact middle of a laser scanned line. Rough milling, U cut, transfer of the lamellae on a transmission electron microscopy (TEM) half grid, thinning was carried out. Particular attention was paid to the cleaning of the lamellae at several decreasing ion beam voltages, down to 1 kV. STEM-EELS (electron energy loss spectroscopy) and STEMdiffraction experiments were carried out in a FEI Titan ETEM G2 80− 300, operated at 300 kV, and equipped with a Gatan Imaging Filter (GIF) Tridiem 866 ER and a Gatan OneView 4k*4K CCD. STEM-EELS data sets were acquired using the spectrum imaging technique, and elemental maps were postprocessed by applying principal component analysis to reduce the noise level. STEM-diffraction data sets were acquired using the 4DSTEM plugin implemented in Gatan Microscopy Suite v3, with a convergence angle of ∼3 mrad. The resolution of 4D STEM analysis is defined by the effective size of the electron beam on the specimen, and was ∼1 nm. Only the areas for which at least four adjacent pixels have the same crystal phase have been labeled on the reconstructed bright field image in Figure 2g . Other darker areas are very likely to be mainly Ag NPs but their diffraction signal was too low to be separated from the background noise. HAADF-STEM images were acquired in a Jeol 2010F TEM operated at 200 kV. For plane-view imaging, samples were prepared by depositing on a Cu grid shavings of structures obtained by scraping the film. The SEM used is a FEI Nova nanoSEM 200 model, working in low vacuum mode and equipped with a Helix detector. Under these conditions, we were able to perform SEM experiments without need of any conductive coating. Topography measurements were carried out with an Agilent 5500 AFM in tapping mode.
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